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TEM lattice images and their evaluation by image
analysis for activated carbons with disordered
microtexture

N. YOSHIZAWA, Y. YAMADA, M. SHIRAISHI
National Institute for Resources and Environment, 16-3 Onogawa, Tsukuba, Japan

Microporous carbons prepared by KOH activation at 400 —800 °C were observed with
transmission electron microscope (TEM). Their microtexture was composed of less-oriented
aromatic stacking layers. As the specific surface area was raised with increasing heat-
treatment temperature, sinuous layers started to appear. Image analysis technique was
applied to the TEM lattice images of the samples for their local regularity by stacking layers.
The fast Fourier transformations was utilized to extract a clear image of the stacks from the
corresponding lattice image. Furthermore, length (L) and number (N) of fringes in each stack
were automatically measured to quantify their distribution. Their histograms showed the
sensitive change of distribution of N towards an increase in specific surface area, despite
L staying unaltered. Accordingly, formation of microtexture responsible for its high surface
area was expected to be concerned with decrease in N rather than L throughout the
activation process. Reduction of N was further associated with a formation of micropores

between layers. The origins of such types of pores were also discussed to show other

possibilities than the ‘slit-shaped’ ones.

1. Introduction

Activated carbons have occupied an important posi-
tion as adsorbent for a long time. Their capabilities
are known to be controlled by some synthesis factors
such as origin of carbons, activation method, etc.
Further, more precise designs and advancement of
them have been investigated. One of the most remark-
able studies in recent 20 years is a development and
commercialization of activated carbons with effective
Brunauer—-Emmett-Teller (BET) surface areas over
3000 m? g~ ! [1]. Such an interesting type of carbon
shows lots of potential to extend the application field
of activated carbons in the future.

Microscopic structure, or microtexture, of activated
carbons has also been investigated in relationship with
the adsorption properties. The microtexture of ac-
tivated carbons is comprised of solid parts made of
stacks of aromatic layers, and pores. Adsorption prop-
erties of a sample are often connected to the pore
structure, which is generally studied by measurement
of a molecular adsorption isotherm. However, geo-
metrical states (shape, continuity, etc.) of pores in
microtexture cannot be satisfactorily described
enough only with an adsorption isotherm. In order to
characterize pore systems geometrically, structural
analysis of solid parts, serving as pore walls in micro-
texture, is also required at the same time. Further-
more, structure of the solid part in activated carbon
has gathered attentions recently from the point of
physical properties such as photoconductivity [2] and
random magnetism [3]. However, there are no
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definite methods for evaluating the solid structure so
far because of its complexity, mainly caused by dis-
ordered aromatic stacks.

Most studies on the structure of solid part in ac-
tivated carbon are performed by measuring X-ray
diffraction [4], Raman spectrum [5], small-angle
X-ray scattering [6] and by observing with trans-
mission electron microscope (TEM) [7-10].
Especially, TEM observation is the most powerful
technique for structural analysis of the solid part of
activated carbons, because it directly brings visual
information on the size and orderings of crystallite.
In observation of activated carbons, stacking aro-
matic layers are generally treated as graphitic crystal-
lites, and thus, denotation of 002 by Miller index
is also used for indicating stacking layers. Investiga-
tion of lattice images of chemically activated carbons
shows the presence of walls of one to three layers
separating cage-like voids [7]. In the 002 dark-field
image, bright dots of 1 nm indicate local parallelism
between the aromatic sheets or strips to form slit-
shaped pores [8].

Further, the dependence of adsorption behaviour
upon those structural features of solid parts is often
discussed. The crystallite sizes are expected to be use-
ful parameters for characterizing the microtexture in
this case. By TEM observation of 00 2 lattice images
of activated carbon, some authors have shown that
the larger the surface area is, the smaller the number of
aromatic layer in stacks is found [9,10]. Statistical
information such as size distribution of crystallite
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must clarify the tendency, but it is much more difficult
to recognize each crystallite in the whole TEM image.

Here, application of image analysis is one of the best
approaches to overcome this problem. Evaluations of
TEM micrograph with image analysis have been re-
ported for carbon materials with ordered microtexture
[11,12]. Two-dimensional fast Fourier transform
(2D-FFT) seems to be commonly used for ordered
structure. Although the microtexture of activated
carbons is mostly obscure, it does include the small
regularity by aromatic stacks. Therefore, the 2D-FFT
algorithm is also expected for characterization of
disordered microtexture.

In this paper, it is suggested that image analysis is
used for the purpose of quantitative characterization
of disordered microtexture of activated carbons at
first. Data from the image analysis is also discussed
combined with other properties of the sample.

2. Experimental procedure

2.1. Samples

Carbonaceous mesocarbon spherules extracted from
coal-tar pitch (mesocarbon microbeads: MCMB,
Osaka Gas Co. Ltd.) were mixed with KOH at the
weight ratio of KOH/MCMB = 4. The mixture was
heated at 3 °C min~ ! up to 400800 °C and held at the
temperature for 1 h in N, flow. After cooling the
spherules were washed with diluted HCI and distilled
water, and dried in vacuum. Heat-treatment of
MCMB without KOH was also performed for com-
parison. Chemical composition and N, adsorption
isotherm for each sample was also decided.

2.2. TEM observation and image analysis
technique
In TEM (Philips CM30) observation, 002 lattice
images were obtained for powdered samples with
accelerating voltage of 300 kV. It is necessary to con-
sider the spherical aberration influence on TEM lat-
tice images, especially in case of objects with high
disorder or small crystallite sizes [ 13]. This point has
been discussed in terms of linear transfer theory. The
transfer function, sin(y) , is often used to express the
dependence of image contrast upon the spherical aber-
ration coefficient, C,, and amount of defocus, Af,
(Equation 1) [14]
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Here, /4 is a wavelength of electron beam and d is an
interval in real space. Fig. 1 shows the calculated
sin(y) for the present observation condition, i.e.
A = 0.00197nm and Cs = 2.0mm. By setting the de-
focus position at Af = — 65nm, the maximum con-
trast for graphitic stacking layers (basal spacing of
graphite is 0.34 nm) is obtained. In this case, the image
of aromatic stacking layers, are clarified as fringes.
We are not dealing with white regions in 0 0 2 lattice
images for our purpose. Microtexture of activated
carbons often includes stacking layers less-oriented to
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Figure I Transfer functions sin(y) at defocus position of —10(- - -),

—30(---), —65(——) and —90 nm(— —), respectively, for the ex-
perimental parameters described in the text.
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Figure 2 The image analysis process applied to TEM lattice images.

each other, as indicated before. These layers can be
observed as black fringes if the experimental condi-
tions of TEM are correct. The white region, however,
is not always determined as a pore only by the lattice
image. In principle, the lattice image is observed when
the corresponding lattice planes are exactly positioned
according to Bragg’s law towards the incident electron
beam.

Fig. 2 represents the image analysis procedure used
here. The analysing system comprises a personal com-
puter (Apple Macintosh) with an analysis software, an
image scanner and output devices.

First, a TEM lattice image is observed with line
resolution power of 0.14nm and at the underfocus
position of approximately 65nm. Then, its positive
print is treated with the scanner with the same size as
original at 600 d.p.i., to be transformed into a digitized
datum. Magnification of the print is a significant fac-
tor, which essentially effects the area for an analysis. In
order to achieve a good statistical average through the
following evaluation of size distribution of stacking



layers, as wide an area as possible must be treated at
one procedure. The typical size for a treatment corres-
ponds to 20 x 20nm in the present work. Each pixel
comprising the digitized image indicates its brightness
on a scale from 0 to 255.

At the second step in the analysis, 2D-FFT is car-
ried out towards the taken image. The image includes
many stacks of aromatic layers as the periodical struc-
ture at present; Equation 2 can be used for 2D-FFT
calculation

Here f(m, n) represents the information of the real-
space image (i.e. the image digitized at the previous
step), which is constructed with M and N pixels along
the x- and y-axis, respectively. The frequencies, u and
v, corresponding to the periodicies along each axis, are
used for presenting information of the reciprocal-
space diffractogram, F(u, v) . A distance between the
centre and a point in the diffractogram is proportional
to the reciprocal of the period in the real-space image.

Thirdly, the filtering operation is performed on the
diffractogram. The operation is effective for sharp-
ening the paralelled fringes by graphitic stacking
layers. In detail, the circular regions below 0.3 nm and
over 0.5nm are removed from the diffraction images.
The former filtering is for noise reduction, and the
latter is to reduce the uneven conditions of contrast in
a wide range in the image, respectively.

Finally, the selected region is treated with the in-
verse 2D-FFT to form a filtered image. The filtered
image is constituted only of the fringes caused by the
stacking layers with intervals defined above.

3. Results and discussion

3.1. Properties of samples

The origin of 002 images of the samples is aromatic
layers composed of carbon atoms. Elemental analyses
show the presence of hydrogen and oxygen especially
at samples heat treated below 600 °C, but they are not
essentially related to the framework of a layer. For the
present purpose of evaluating size distribution of the
stacks, a yield of carbon atom for each sample may be
referred to. It is determined by chemical composition,
and the total yield of each sample, as shown in Fig. 3.
Activated samples indicate smaller carbon yield values
than non-activated ones at every heat-treatment tem-
perature. Therefore, the presence of KOH surely ef-
fects the loss of carbons even at a temperature slightly
higher than melting point of KOH (360 °C). It is also
shown that the carbon yields are decreased linearly
with a rise in temperature for both sample series.

In contrast, the specific surface areas of activated
samples characteristically change through heat-treat-
ment. Fig. 4 shows the BET specific surface areas of
samples estimated with N, adsorption isotherms at
— 196 °C. Activation with KOH below 500 °C slightly
increases the specific surface areas of samples,

100 J O I I

[ Y d) o (@)
s f ° .
X : °
e L

° ]

g oor
5 [ [ ]
3] L
S 40 | .
5 L
2 [
>~ 2| ]

0_ ] | ] ] ]

300 400 500 600 700 800 900
Temperature (°C)

Figure 3 Yields of carbon atom for activated (e) and non-activated
(0) samples at each heat-treatment temperature.
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Figure 4 BET specific surface areas of activated (e) and non-ac-
tivated (0) samples determined by adsorption isotherms of N, at
—196°C.

compared to non-activated ones. However, there is
a steep rise by sixfold between 500-600 °C, indicating
a rapid change of microtextures, which may cause an
increase in number of micropores contributing to gas
adsorption. Further heat treatment over 600 °C also
increases the specific surface areas of the activated
samples, but the growth rate does not exceed the one
observed between 500-600 °C.

3.2. Lattice image observation with TEM
The 002 lattice images observed for the non-activated
samples (Fig. 5) show the variation of anisotropic
microtexture with rising temperature. The sample
treated at 800 °C includes column-like structures into
which parallel sets of fringes tend to gather with dis-
tortion. It is quite a typical aspect of mesophase and
has been reported through investigations using X-ray
diffraction [15] and TEM observation [16,17].

On the other hand, microtexture of the activated
carbons (Fig. 6) quite differs from one heat-treated at
the same temperature without KOH. The preferred
orientation found in Fig. 5a is somewhat lost by ac-
tivation (Fig. 6a) at 400 °C, which may be responsible
for the results of the specific surface area. With heat
treatment up to 600°C (Fig. 6b), at which a sharp
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Figure 5 TEM 002 lattice images of non-activated samples heat-treated at (a) 400 °C, (b) 600 °C and (c) 800 °C.

increase of specific surface area is achieved, some
twisted and continuous (~5nm) fringes start to ap-
pear. However, parts of such fringes (~ 1 nm) are ar-
ranged parallel to the adjacent fringe in a strictly local
range. These features are emphasized for the activated
sample at 800 °C (Fig. 6¢). Stacks are arranged along
curled lines, so as to surround a domain with 2-3 nm
diameter. Also, a couple of parallel layers with fairly
large intervals (~0.5 nm) are often found along a long
fringe, as shown in Fig. 6d.

3.3. Image analysis of 002 lattice
microphotograph

The image analysis method brings the diffractometry
and the filtered image, as already described in Section
2.2. Examples are shown in Fig. 7 for the activated
samples. Each diffraction image includes a broad cir-
cular pattern in the centre of the diffractogram. If
fringes are arranged with orientation in a digitized
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image, the diffractogram will show an arc-like pattern
in the direction of the orientation. However, diffracto-
grams in Fig. 7 are almost isotropic, indicating that
fringes in the corresponding digitized image have little
orientation of stacks in the analysed region. A diffused
pattern like this must be due to small stack sizes in the
lattice images. In the filtered images, piled-up fringes
are clarified. Intervals of each set of fringes mostly
have a range of 0.3-0.5nm. Through comparison of
the filtered image with the original 002 lattice image
at each heat-treatment temperature, appearance of
artifacts is not observed. Therefore, it seems reason-
able to suppose that our image analysis procedure is
valid and effective to extract information from lattice
images of disordered carbon microtextures.

In fact, the process used in this paper is theoretically
the same as in the case of optical diffractometry and
following filtering processing [18]. The optical
method is sometimes used for characterizing 00 2 lat-
tice fringes of carbon materials. There is an example of
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Figure 6 TEM 002 lattice images of activated samples heat-treated at (a) 400 °C, (b) 600 °C and (c) (d) 800 °C. Parallel layers with basal

spacing over 0.5 nm are shown in (d).
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Figure 7 Example of digitized image, diffractogram (diffraction
image) and filtered image obtained from 002 lattice images of
activated samples.

the structural study of mesophase spherule with col-
umn-like stacking structure by Auguie et al. [17].
However, the image analysis seems to have some
advantages: for example, simplicity of selection of ana-
lytical area, clearness of filtered images and more
rapidity for one analysis, when compared with the
optical method. It is also worth noting the conveni-
ence of following quantitative data acquisition on
computer, which is examined in the next paragraph.
Of course, both methods including 2D-FFT only treat
geometrical information displayed on corresponding
images. Thus, the most important factor for correct
characterization is the original TEM images taken
under an optimal condition.

We further attempt to evaluate the size distribution
of the stacks in each filtered image. For the purpose,
fringes in the filtered images are classified into appar-
ent stacks (Fig. 8). There are, however, some ambi-
guities to distinguish exactly which neighbouring unit
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a fringe should be assigned to. In this case, a feature of
an apparent stack is decided considering the continu-
ity of the interval in both distance and length between
adjacent fringes. Next, length of fringe (L) and number
of fringes included in them (N) are measured for each
stack. The shapes of all apparent stacks have already
been digitized as image data at this step, then the
parameters like L and N are easily measured on the

Apparent
stacking layers

Figure 8 Classification of fringes in filtered image into apparent
stacks.

computer. It is also necessary to say that the data
shown below are the average of 10 regions of the same
sample, and accordingly, enough to explain the gen-
eral properties of it.

For activated samples, distribution of L is almost
similar at 400 and 500°C, followed by a slight de-
crease in the ratio of the stacking with L > 2.0nm.
Fig. 9a indicates the histograms of L for the samples
activated at 400, 600 and 800 °C, respectively. How-
ever, the tendency of the distributions varies little on
the whole. Over 50% of the stacking layers ranges of
L are between 0.5 and 1.0 nm. Average values of L(L)
in each temperature are also summarized in Table I.
The remarkable decrease of L from 500-600 °C could
be because of the loss of larger fringes stated above.
Outside this range, L values almost remain unaltered.
On the contrary, histograms of the distribution of N
obviously depend upon the activation temperature. As
shown in Fig. 9b, N distribution keeps its shape below
500 °C, but percentages of stacks with N > 4 fall through
heat treatment at 600 °C. Stacks with N =2 rapidly
increase their ratio over 50% through heat-treatment
from 600 and 800 °C, while stacks with N > 3 are entire-
ly reduced. Such a tendency of variation in averaged
N(N) is also expressed in Table I. Especially, the
reduction rate of N shows its maximum at 500-600 °C.
This change of distribution will be discussed in Section
3.4, through comparison with other properties.

Results from the non-activated samples are also
summarized in Fig. 10. Histograms of L (Fig. 10a), in
each of which the values range wider compared to the
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Figure 9 (a) Layer size and (b) number of layer distributions in stacks of activated samples.
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Figure 10 (a) Layer size and (b) number of layer distributions in stacks of non-activated samples.

TABLE I Average width of layers (L) and number of fringes
(N) included in stacking layers for activated and non-activated
samples.

Temperature L (nm) N
(°C)
activated non-activated activated non-activated

400 0.83 079 2.85 2.96

500 0.81 0.83 2.83 2.87

600 0.75 0.89 2711 2.39

700 0.74 1.17 2.64 2.35

800 0.74 1.25 2.56 2.54

case of the activated samples at the same temperature,
shift the distribution maximum to a higher figure with
rising temperature. Especially, percentages of
L >20nm are eminently increased through heat
treatment. Variation of N seems to be more complic-
ated than that of L, as shown in Fig. 10b. When the
temperature is raised up to 600 °C, overall decrease in
the ratio of N > 3 and alternative rapid increase of
that of N = 2 over 60% are clearly illustrated. How-
ever, the ratios of N = 2 and 3 become closed with
heat treatment up to 800 °C.

3.4. Development of high BET surface area

and its relationship with crystallite sizes
In this chapter subject is focused on the structure of
the activated samples. Details of the activation mecha-

nism with KOH may be found in other studies
[19, 20]. For a simple discussion, the activation pro-
cess performed in our work can be divided into two
steps, based on the increase in surface area method
shown in Fig. 4. Strictly speaking, surface area is also
influenced by a surface condition of a sample. Here,
the values of surface area are used simply to show the
tendency of structural changes.

In the first step (~500°C) , surface area is slightly
raised with increasing temperature. This change at-
tends the decrease in the yield of carbon which is
smaller than the non-activated one (Fig. 3). It is obvi-
ous to consider the rise of surface area as a result from
the loss of carbon by oxidation with KOH. The image
analysis indicates that the distributions of L and N are
almost similar, regardless of the presence of KOH for
each heat-treatment temperature. It suggests that
amorphous or disordered carbons not included in
stacking layers are the main component of carbon lost
in this step.

The second activation step when considered to-
gether with a rise of temperature starts between 500
and 600 °C. Here, specific surface area is sharply in-
creased and followed by a continuous rise with elevat-
ing temperature. The yield of carbon constantly falls
with rising temperature (Fig. 3) and does not corres-
pond to the marked variation of the surface area.
Therefore, appearance of microtexture bringing high
surface areas should not be characterized only by
the lost amount of carbon. According to the image
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by activation
(shaded for marking)
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(paralellism are lost by
distortion)

Figure 11 Representative of the microtexture of activated carbon.

analysis of the samples, reduction rate of N per 100 °C
(Table I) shows its maximum between 500 and 600 °C.
It is also found that the N value is further decreased up
to 800°C. Such a tendency, indicated by the lost
amount of N, really corresponds to the variation of
BET surface area. On the other hand, L is decreased
rapidly at 500-600 °C in fact, but not changed in other
temperature ranges as mentioned earlier. Therefore, it
seems obvious that formation of microtexture respon-
sible for its large surface area is more associated with
the decrease in N rather than L throughout the activa-
tion process.

A reduction of the number of fringes in the stacks is
shown by previous TEM observation of activated
carbons [9,10]. On the other hand, very few reports
have been submitted so far with respect to layer sizes.

Decrease in N has been often represented to be the
basis of the ‘slit-like pore’ formed by the complete
destruction of aromatic layers in a stack [9]. If this
assumption about the shape and formation of micro-
pore is totally true, rise of surface area can be related
with the yield of carbon, especially at 500-600 °C.
However, our results of carbon yield with a constant
decline does not show a good correspondence with
characteristic drops of N with increasing surface areas.
It means that other explanations should be also of-
fered to describe a porous structure of this type of
activated carbon.

Considering that the N reduction is originally found
from the result of TEM observation, it is possible that
there are some layers which are present in fact, but not
observed as fringes because of their distortion or par-
tial destruction, as shown in Fig. 11. Such layers can-
not keep their parallelism to adjacent layers, yet they
cannot be recognized as lattice fringes. Pores formed
like this can be said to be a kind of local defect in
stacking structure, rather than slit-shaped ones. The
other possibility is concerned with the sinuous layers
observed in TEM lattice images; it is also represented
in Fig 11. The appearance of such aromatic layers at
600 °C coincides with rise of surface area. Perhaps the
piles of layers, especially those with larger size already
present at lower temperature, become unable to keep
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their original shapes through the formation process of
the long fringes. Formation of curved layers of the
kind can produce strains in stacking structure of piled-
up layers, and then cause the reduction of N. Tortions
of stacking layers along with such continuous layers
play a role of micropore in this case.

4. Conclusions

We have suggested the image analysis technique to
evaluate disordered microtexture of activated carbon
observed with TEM. This procedure includes the
fast Fourier transform algorithm, and utilizes the
presence of regularity by small stacks of aromatic
layers in the TEM image. It is expected that the
technique for characterization of disordered micro-
texture can be used if an appropriate TEM photo-
graph is taken.

When applied to the lattice image of the samples
activated with KOH, the method clarifies the distribu-
tion of the layer size (L) and the stacking number of
layers (N). In this case the reduction of N rather than
L closely corresponds to the generation of high surface
area through activation process.
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